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dysfunction following myocardial infarction by targeting the
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Background and Purpose: Spermidine, a natural polyamine, is abundant in mamma-

lian cells and is involved in cell growth, proliferation, and regeneration. Recently, oral

spermidine supplements were cardioprotective in age‐related cardiac dysfunction,

through enhancing autophagic flux. However, the effect of spermidine on myocardial

injury and cardiac dysfunction following myocardial infarction (MI) remains unknown.

Experimental Approach: We determined the effects of spermidine in a model of

MI, Sprague–Dawley rats with permanent ligation of the left anterior descending

artery, and in cultured neonatal rat cardiomyocytes (NRCs) exposed to angiotensin

II (Ang II). Cardiac function in vivo was assessed with echocardiography. In vivo and

in vitro studies used histological and immunohistochemical techniques, along with

western blots.

Key Results: Spermidine improved cardiomyocyte viability and decreased cell

necrosis in NRCs treated with angiotensin II. In rats post‐MI, spermidine reduced

infarct size, improved cardiac function, and attenuated myocardial hypertrophy.

Spermidine also suppressed the oxidative damage and inflammatory cytokines induced

by MI. Moreover, spermidine enhanced autophagic flux and decreased apoptosis both

in vitro and in vivo. The protective effects of spermidine on cardiomyocyte apoptosis

and cardiac dysfunction were abolished by the autophagy inhibitor chloroquine,

indicating that spermidine exerted cardioprotective effects at least partly through

promoting autophagic flux, by activating the AMPK/mTOR signalling pathway.

Conclusions and Implications: Our findings suggest that spermidine improved MI‐

induced cardiac dysfunction by promoting AMPK/mTOR‐mediated autophagic flux.
1 | INTRODUCTION

Myocardial infarction (MI) has emerged as a major cause of morbidity

and mortality worldwide which not only reduces human life span but
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also exerts a heavy burden on health care systems (Murray & Lopez,

1997; Jernberg et al., 2015). Poor prognoses after MI result from

adverse cardiac structural changes, deteriorated cardiac function, and

irreversible cardiomyocyte death (White et al., 1987). It is well
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What is already known

• Spermidine is known to induce autophagy and exhibits

protective effects against age‐related diseases.

What this study adds

• Spermidine exerted cardioprotective effects against MI

by promoting autophagic flux through the AMPK/mTOR

signalling pathway.

What is the clinical significance

• It is imperative to find more effective drugs for treating

post‐MI cardiac dysfunction.

• Pharmacological intervention with spermidine may be a

promising treatment for patients with MI.
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established that activation of the renin‐angiotensin system plays a

critical role in the pathogenesis of post‐MI heart failure. Currently,

there is much evidence for the use of ACE inhibitors and angiotensin

receptor blockers in the management of heart failure after MI. These

agents block the renin‐angiotensin system and thus stabilize left ven-

tricle remodelling, relieve patient symptoms, prevent hospitalization,

and prolong life (McMurray, 2011). Unfortunately, the prognosis for

post‐MI heart failure is still unsatisfactory and it is therefore impera-

tive to find more effective drugs or therapeutic targets for treating

post‐MI cardiac dysfunction and improving patient prognosis.

Spermidine, one of the natural polyamines found in mammalian

cells, participates in many cellular processes, under various pathophys-

iological conditions (Igarashi & Kashiwagi, 2010; Pegg, 2016). Dietary

spermidine is absorbed quickly from the intestines (Milovic, 2001),

resulting in subsequent increased levels of this polyamine in the blood

(Soda et al., 2009). Previous researches have demonstrated that SPD

provides potential health benefits (Atiya Ali, Poortvliet, Strömberg, &

Yngve, 2011; Zoumas‐Morse et al., 2007). However, whether exoge-

nous oral SPD supplements alleviate myocardial injury and improve

cardiac function after MI remains unknown.

Recently, inducers of autophagy, such as rapamycin, metformin,

and resveratrol, have shown cardioprotective effects after MI

(Kanamori et al., 2013; Filippone et al., 2017; D. Sun & Yang, 2017).

Spermidine also promotes health by induction of autophagy (Madeo,

Eisenberg, Pietrocola, & Kroemer, 2018). Moreover, treatment with

spermidine extends lifespan and exerts neuroprotection in an

autophagy‐dependent manner (Eisenberg et al., 2009; Gupta et al.,

2013). Thus, it is reasonable to propose that spermidine‐induced

autophagy might play a role in decreasing myocardial injury and

improving cardiac function post‐MI. The AMP activated protein

kinase (AMPK) is a an enzyme also involved in autophagy (Ha &

Kim, 2016). Another kinase, the mammalian target of rapamycin

(mTOR), is downstream of AMPK and is also involved in the regulation

of autophagy (L. Sun et al., 2015). Given its ability to induce autoph-

agy, we have tested the possibility that spermidine might enhance

autophagic flux via the AMPK/mTOR signalling pathway in rats post‐

MI.
2 | METHODS

2.1 | Animal experiments

All animal care and experimental procedures complied with the

Guidelines for the Care and Use of Laboratory Animals formulated

by the Ministry of Science and Technology of China, and were

approved by the Ethics Committee of the Southern Medical Univer-

sity. Animal studies are reported in compliance with the ARRIVE

guidelines (Kilkenny, Browne, Cuthill, Emerson & Altman, 2010;

McGrath, Drummond, Mclachlan, Kilkenny, & Wainwright, 2010) and

with the recommendations made by the British Journal of Pharmacol-

ogy (McGrath & Lilley, 2015). The current study is based on the rule

of the replacement, refinement, or reduction. The rats were housed
under standard laboratory conditions with a light/dark cycle of 12 hr

and had free access to sufficient food and water. Male Sprague–

Dawley rats (200–220 g; RRID:MGI:5651135) were used to model

MI by permanent ligation of the left anterior descending artery, as pre-

viously described (Cheng et al., 2012). Briefly, rats were anaesthetized

with pentobarbital sodium (40 mg·kg−1; Sigma‐Aldrich, St. Louis, MO,

USA), given by intraperitoneal injection. A mini‐ventilator (Taimeng,

Chengdu, China) was used to maintain gas exchange in the lungs by

endotracheal tube. After the heart had been exposed, the left anterior

descending artery was permanently ligated (except in the sham group).

Then after the arterial occlusion, the rats were randomly divided into

the different experimental groups.

Rats received the following treatments for 4 weeks: (a) Sham group

was given normal drinking water; (b) MI group also received normal

drinking water; (c) MI + SPD group was given drinking water contain-

ing spermidine (5 mM, Sigma‐Aldrich); (d) MI + SPD + chloroquine

(CQ; Sigma,) group was given drinking water treated with spermidine

(5 mM) and daily intraperitoneal injections of CQ (50 mg·kg−1 per

day); (e) MI + CQ group was given normal drinking water and intraper-

itoneal injections of CQ (50 mg·kg−1 per day); (f) MI + SPD + Compound

C group was given drinking water with SPD (5 mM) and intraperito-

neal injections of Compound C (20 mg·kg−1 for 3 days; Selleck, Hous-

ton, TX, USA). Administration of spermidine in drinking water has been

described elsewhere (Michiels, Kurdi, Timmermans, De Meyer & Mar-

tinet, 2016). The rats in each group were checked daily for 4 weeks

after induction of MI, for survival analysis. At the indicated time point,

the rats were killed and the heart tissues collected for later analysis.

The in vivo experimental protocol is shown in Figure 1a.
2.2 | Cardiomyocyte isolation and culture

Neonatal rat cardiomyocytes (NRCs) were isolated from 1‐ to 2‐day‐

old Sprague–Dawley rats, as described by Gottlieb & Gustafsson

(2011). NRCs were incubated at 37°C in a 5% CO2 atmosphere. First,
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FIGURE 1 (a) Experimental protocol of the in vivo study. (b) Experimental protocol of the in vitro study
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cells were cultured in DMEM containing 10% horse serum for 60 hr.

Then, cells were cultured in serum‐free medium 12 hr for starvation.

After 72‐hr incubation, these cells were randomly divided into the

following treatment groups: (a) control group; (b) angiotensin II

(Ang II) group, NRCs exposed to Ang II (1 μM) to stimulate cardio-

myocyte injury; (c) Ang II + SPD group, treated with Ang II (1 μM)

and spermidine (1,000 μM ); (d) Ang II + SPD + CQ group treated

with Ang II (1 μM), spermidine (1,000 μM ), and CQ (30 μM); (e)

Ang II + CQ group treated with Ang II (1 μM) and CQ (30 μM); (f)

Ang II + SPD + Compound C group treated with Ang II (1 μM),

spermidine (1,000 μM), and Compound C (10 μM). After 12‐hr

incubation with the different treatments, the NRCs were harvested

and prepared for analysis. The in vitro experimental protocol is

shown in Figure 1b.
2.3 | Cell viability assay

Viability of NRCs was measured using a CCK‐8 assay kit (MCE, NJ,

USA) according to the manufacturer's instructions. Briefly, NRCs were

seeded in 96‐well plates and followed by the different treatments at

indicated times. Then, the NRCs were incubated with 10‐μl CCK‐8

reagent in the dark for 4 hr. Absorbance was measured at 450 nm

using a microplate reader (Thermo, NY, USA), and the readings were

normalized by comparison with vehicle control.
2.4 | Propidium iodide staining

Propidium iodide (PI) staining was performed using a PI staining kit

(Yeasen, Shanghai, China). Briefly, the NRCs were incubated in laser

confocal dishes. Then, the cells were harvested and were washed with

PBS three times. PI staining solution was incubated with the cells for

15 min, followed by counterstaining with Hoechst 33342 solution.

Then, images were taken under a fluorescence microscope.
2.5 | Western blot

The antibody‐based procedures used in this study comply with the

recommendations made by the British Journal of Pharmacology (Alex-

ander et al., 2018). Rat hearts and the isolated NRCs were lysed in

RIPA buffer. The protein concentrations were then measured by

BCA protein assay kits (Thermo Scientific). Protein was separated by

SDS‐PAGE and transferred to a PVDF membrane, followed by incuba-

tion with 5% non‐fat milk blocking buffer for 2 hr. Membranes were

then incubated with the following primary antibodies at 4°C over-

night: anti‐LC3 B (CST cat#: 2775S RRID:AB_915950), anti‐p62 (CST

cat#: 5114S RRID:AB_10624872), anti‐caspase‐3 (CST cat#: 9662S

RRID:AB_331439), anti‐Bcl‐2 (CST cat#: 2876S), anti‐Bax (CST cat#:

2772S RRID:AB_10695870), anti‐p‐AMPK (CST cat#: 2535S RRID:

AB_331250), anti‐AMPK (CST cat#: 2532S RRID:AB_330331), anti‐

p‐mTOR (CST cat#: 5536S RRID:AB_10691552), anti‐mTOR (CST

cat#: 2972S RRID:AB_330978), and anti‐GAPDH (1:10,000, Boster

cat#: AP0063 RRID:AB_2651132). The membranes were incubated

with secondary antibodies (1:8,000, Boster, Shanghai, China) and

visualized by ECL kits (Engreen, Beijing, China). The levels of protein

were quantified using Image Pro‐Plus 6.0 software (RRID:

SCR_016879) and were normalized to control.
2.6 | Assessment of myocardial infarct size

Masson‐trichrome staining was used to detect the myocardial fibrosis

that marked the ventricular infarct zones in the different groups of

rats. The myocardial tissues were fixed in 4% paraformaldehyde after

the rats were killed. The samples were then processed by standard his-

tological techniques, being dehydrated in increasing concentrations of

ethanol, transferred to xylene, and then embedded in paraffin. Heart

samples were cut into 6‐μm sections on a microtome, and then

deparaffinized, followed by Masson's trichrome staining. The infarcted

region, identified by replacement of cardiomyocytes by fibrotic tissue,

was stained blue. The images were captured by a light microscope.
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2.7 | Echocardiography

Echocardiography was performed using a Vevo 2100 System

equipped with a 30‐MHz transducer (Fujifilm Visual Sonics, Inc.,

Toronto, Canada). Rats were anaesthetized with 2% isoflurane, and

the left chest was denuded using depilatory cream. M‐mode echocar-

diographic examinations of the short axis were obtained. The left

ventricular (LV) fractional shortening (LVFS), LV ejection fraction

(LVEF), LV internal diameters at diastole (LVIDd), LV internal diameters

at systole (LVIDs), LV anterior wall thickness at diastole, LV anterior

wall thickness at systole, LV posterior wall thickness at diastole, and

LV posterior wall thickness at systole were calculated.
2.8 | Heart weight/body weight measurement

Rats were weighed and killed 4 weeks after MI, and the hearts were

collected and fixed in 4% paraformaldehyde overnight. The weight

of hearts was measured, and heart weight/body weight (HW/BW)

ratio was calculated. The whole hearts in different groups were

photographed.
2.9 | Wheat germ agglutinin staining

Heart tissues were fixed in 4% paraformaldehyde, dehydrated in

ethanol, cleared in xylene, and embedded in paraffin. Samples were

then cut into 6‐μm sections on a microtome and deparaffinized. To

measure surface area of cardiomyocyes, cardiac sections were stained

with wheat germ agglutinin (WGA) solution according to the manufac-

turer's instructions. After that, sections were imaged using a fluores-

cence microscope. Green fluorescence indicates cell membrane, and

surface area of cardiomyocytes was analysed by ImageJ software

(RRID:SCR_003070).
2.10 | Intracellular ROS measurements in NRCs

ROS were measured by 2,7‐dichlorofluoresein diacetate (DCFH‐DA;

Solarbio, Beijing, China) according to the manufacturer's instructions.

Briefly, NRCs were incubated with 10‐nM DCFH‐DA for 20 min at

37°C, followed by counterstaining with Hoechst 33342 solution.

Then, NRCs were washed three times with PBS. Cells were visualized

by fluorescence microscopy.
2.11 | Determination of SOD activity and
malondiadehyde levels

Heart tissues were collected at the indicated time points from the

different groups and homogenized. SOD activity was measured using

a SOD detection kit (Beyotime, Shanghai, China), and malondiadehyde

(MDA) content was detected by an MDA kit (Beyotime, Shanghai,

China) according to the manufacturer's instructions. The OD value

was measured at 450‐ and 532‐nm wavelengths, respectively, by a

microplate reader.
2.12 | Measurement of inflammatory cytokines

The cardiac tissues were collected at the indicated time points from

the different groups of rats and homogenized. The level of inflamma-

tory cytokines including TNF‐α, IL‐1β, and IL‐6 were measured by

ELISA kits (MSK, Wuhan, China) according to the manufacturer's proto-

col. The absorbance was measured at 450 nm using a microplate

reader.
2.13 | Apoptosis assay

Apoptosis was analysed applying a TUNEL assay kit (Beyotime,

Shanghai, China) according to the manufacturer's protocol. TUNEL

assays were visualized with light microscopy or fluorescent micros-

copy. TUNEL‐positive nuclei were stained green in fluorescence

images and stained brown in histological images. TUNEL‐stained cells

(%) were calculated according to the distribution of cardiomyocytes by

captured images.
2.14 | Evaluation of fluorescent LC3 puncta

The NRCs were seeded in confocal dishes and were transfected with

adenovirus encoding tandem fluorescent mRFP‐GFP‐LC3 (MOI = 15).

At the indicated times, cells were randomly divided into groups,

according to the different treatments described above. After

treatment, cells were washed with PBS and then fixed with 4% parafor-

maldehyde and counterstained with DAPI. Cells were viewed and

photographed under a confocal laser scanning microscope (Carl Zeiss,

Germany). Punctuate localization of LC3 on autophagosomes had both

red and green fluorescence and appeared yellow in merged images,

indicating autophagosome. Subsequently, GFP in the acidic pH of the

lysosome is unstable and loses the green fluorescent signal in the fused

autophagosome–lysosomes. Consequently, red dots that do not over-

lie green dots in merged images indicate autolysosome formation.

The numbers of autophagosomes (yellow dots) and autolysosomes

(red dots) and the ratio of autophagosomes/autolysosomes was

measured.
2.15 | Immunohistochemistry

Heart tissues were fixed in 4% paraformaldehyde, dehydrated in eth-

anol, cleared in xylene, and embedded in paraffin. Samples were then

cut into 6‐μm sections on a microtome and deparaffinized. Sections

were blocked with 1% BSA at room temperature for 30 min and

incubated with specific primary antibodies at 4°C overnight, including

anti‐p62 (Servicebio cat#: GB11239), anti‐LC3B (Servicebio cat#:

GB11124), anti‐p‐AMPK (Abcam cat#: 23875 RRID:AB_447741), and

anti‐p‐mTOR (Abcam cat#: 109268 RRID:AB_10888105). Then, the

sections were washed and incubated with secondary antibodies

(Zhongshan Biotech, Beijing, China) at room temperature. The tissue

sections were incubated with diaminobenzidine and counterstained
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with haematoxylin, dehydrated, and mounted. The sections were

viewed under the light microscope.
2.16 | Transmission electron microscopy

Rat hearts were fixed in 2.5% glutaraldehyde overnight and immersed

in 1% osmium tetroxide in 0.1‐M cacodylate buffer for 1 hr followed

by incubation with 2% aqueous uranyl acetate for 2 hr. The samples

were dehydrated with a graded series of ethanol and sliced into small

grids. Grids were examined with a Philips CM 10 electron microscope

operated at 80 kV.
2.17 | Measurement of mitochondrial membrane
potential

NRCs were incubated with JC‐1 staining solution (Beyotime, Shanghai,

China) for 30 min at 37°C. Then, the cells were washed with JC‐1

buffer three times. The images were captured by a fluorescence

microscope. Red fluorescence represents normal membrane potential,

and green fluorescence represents reduced membrane potential. The

results were determined by the red/green ratio and analysed by Image

J software (RRID:SCR_003070).
2.18 | Data and statistical analysis

The data and statistical analysis comply with the recommendations on

experimental design and analysis in pharmacology (Curtis et al., 2018).

Randomization was used to assign samples to the experimental groups

and treatment conditions for all in vivo studies. Data collection and

evaluation of all in vivo and in vitro experiments were performed in

a blinded manner. Data was analysed with SPSS 20.0 software

(RRID:SCR_002865). All data are expressed as mean ± SD. Compari-

sons between multiple groups were evaluated using one‐way ANOVA

followed by Bonferroni's or Dunnett's T3 tests. Post hoc tests were

conducted only if F was significant, and there was no variance inho-

mogeneity. Values of P < .05 were considered statistically significant.

Data normalization was performed to control for sources of variation

of baseline parameters.
2.19 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018) (RRID:SCR_009017), and are perma-

nently archived in the Concise Guide to PHARMACOLOGY 2017/18

(Alexander, Fabbro et al., 2017; Alexander, Kelly et al., 2017).
3 | RESULTS

3.1 | Spermidine improved cardiomyocyte viability
and cardiac dysfunction

To determine the effects of spermidine on cardiomyocyte injury, dif-

ferent concentrations (10, 100, and 1,000 μM) of spermidine were

added to the Ang II‐treated cardiomyocytes. The CCK‐8 assays

showed that 1 μM of Ang II caused cell death, and the addition of

spermidine reversed cardiomyocyte death and significantly enhanced

cell viability. The cardiomyocytes treated with 1,000 μM of

spermidine showed the highest level of cell viability (Figure 2a). Thus,

1,000 μM of spermidine was chosen for the subsequent in vitro

experiments. PI staining revealed that spermidine markedly diminished

Ang II‐induced necrosis in NRCs (Figure 2b). Next, we investigated the

role of spermidine in the post‐MI rats. Four weeks after MI, the

survival analysis demonstrated that 21 of 30 rats survived in the MI

group compared to 26 of 30 rats surviving in the MI + SPD group

(Figure S1). Additionally, Masson‐trichrome staining showed that the

infarct size was drastically reduced with SPD treatment in post‐MI rats

(Figure 2c). Moreover, cardiac function and structure in rats were

assessed by echocardiography. Echocardiography analysis revealed

that LVEF and LVFS values were significantly lower in MI group than

in the sham group, which were improved by spermidine treatment

(Figure 2d). Compared to sham group, the LVIDd and LVIDs were

critically increased in post‐MI rats, but this LV enlargement was

decreased by spermidine treatment. However, LV wall thickness

which was decreased by MI was not clearly changed by spermidine

(Figure S2). In order to further confirm whether spermidine could

attenuate MI‐induced cardiac hypertrophy, we measured heart to

body weight ratio (HW/BW) and found that spermidine significantly

reduced HW/BW ratio which was increased in rats with MI

(Figure 2e). Furthermore, WGA staining also showed that surface

areas of cardiomyocytes were increased in MI group compared to

sham group, but spermidine supplement significantly decreased the

surface areas which were enlarged by MI (Figure 2f). These data

indicated that MI‐induced cardiac hypertrophy could be attenuated

by spermidine treatment.
3.2 | Spermidine inhibited cardiac oxidative stress,
inflammatory reaction, and apoptosis

Previous researches have shown that increased oxidative stress

contributed significantly to cardiomyocyte death post‐MI (Chen

et al., 2016) and we therefore investigated the effects of spermidine

on cellular ROS production in NRCs. Exposing NRCs to Ang II mark-

edly increased ROS content, and spermidine significantly inhibited

ROS generation (Figure 3a). In post‐MI rats, observation in MI + SPD

group represented with an elevated level of the anti‐oxidase enzyme,

SOD, and a reduced level of MDA, compared with the levels in the MI

group, revealing that spermidine attenuated myocardial oxidative

stress induced by MI (Figure S3). The inflammatory reaction is another

http://www.guidetopharmacology.org


FIGURE 2 Spermidine (SPD) improved cardiomyocyte viability and cardiac dysfunction. (a) Effect of different doses of spermidine on Ang II‐
treated NRCs was determined. Cell viability was measured by CCK‐8 assay. Data shown are individual values with means ± SD; n = 5. *P < .05,
significantly different from control group, #P < .05, significantly different from Ang II group. (b) PI staining was performed to detect necrosis of
NRCs. The higher panels indicated that the PI‐positive nuclei were stained red. The lower panels indicated that the PI‐positive nuclei were merged
with total nuclei which were stained with Hoechst 33342. Scale bar represents 50 μm. Data shown are individual values with means ± SD; n = 5.
*P < .05, significantly different from control group, #P < .05, significantly different from Ang II group. (c) Representative images of myocardial slices
with Masson‐trichrome staining after MI. Blue staining indicated infarct area. Scale bar represents 2 mm. The graphs show the quantitative
analysis. Data shown are individual values with means ± SD; n = 5. *P < .05, significantly different from sham group, #P < .05, significantly different
from MI group. (d) M‐mode echocardiography was used to measure left ventricular EF and FS in the different groups. Representative
echocardiograms were shown. Summary data shown are individual values with means ± SD; n = 5. *P < .05, significantly different from sham
group, #P < .05, significantly different from MI group. (e) Representative photographs of whole hearts in each group. Ratio of heart weight to body
weight (mg·g−1) is shown. Data shown are individual values with means ± SD; n = 5. *P < .05, significantly different from sham group, #P < .05,
significantly different from MI group. (f) Photomicrographs and quantification of left ventricular tissue sections stained with wheat germ agglutinin
(WGA). Scale bar represents 50 μm. Data shown are individual values with means ± SD; n = 5. *P < .05, significantly different from sham group,
#P < .05, significantly different from MI group
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critical component that participates in pathological alteration in the

post‐MI heart (Francis Stuart, De Jesus, Lindsey, & Ripplinger, 2016;

Heusch et al., 2014). The MI + SPD group showed suppressed expres-

sion of inflammatory cytokines such as IL‐1β, IL‐6, and TNF‐α, when
compared with the MI group, suggesting that spermidine could allevi-

ate MI‐induced cardiac inflammatory reaction (Figure S4).

Furthermore, the effects of spermidine on myocardial apoptosis was

assessed both in vivo and in vitro. In vitro, the results of TUNEL



FIGURE 3 Spermidine (SPD) reduced cellular ROS and inhibited myocardial apoptosis. (a) Cellular ROS production stained using DCFH‐DA and
merged with the total nuclei which were stained with Hoechst 33342. Representative images and quantification of DCFH‐DA are shown. Scale
bar represents 50 μm. Data shown are individual values with means ± SD; n = 5. *P < .05, significantly different from control group, #P < .05,
significantly different from Ang II group. (b) Representative photomicrographs and quantification of TUNEL staining in NRCs. The higher panels
indicated that the TUNEL‐positive nuclei were stained green. The lower panels indicated that the TUNEL‐positive nuclei were merged with total
nuclei which were stained with DAPI. Scale bar represents 50 μm. Data shown are individual values with means ± SD; n = 5. *P < .05, significantly
different from control group, #P < .05, significantly different from Ang II group. (c) Western blot of cleaved caspase‐3, Bcl‐2, and Bax in Ang II‐
treated NRCs. Data shown are individual values with means ± SD; n = 5. *P < .05, significantly different from control group, #P < .05, significantly

different from Ang II group. (d) Western blot of cleaved caspase‐3, Bcl‐2, and Bax in post‐MI rats. The quantification of cleaved caspase‐3/GAPDH
and Bcl‐2/Bax is shown. Data shown are individual values with means ± SD; n = 5. *P < .05, significantly different from sham group, #P < .05,
significantly different from MI group
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staining showed that spermidine inhibited the apoptosis of Ang II‐

treated NRCs (Figure 3b). Moreover, the protein expression of cleaved

caspase‐3, a marker of apoptosis, was down‐regulated, and the ratio of

Bcl‐2/Bax was increased in the presence of spermidine, compared with

NRCs exposed to Ang II treatment alone (Figure 3c). In vivo, these

effects were still present as protein expression of cleaved caspase‐3

and Bcl‐2/Bax ratio in theMI + SPD group were changed in accordance

with in vitro findings, when compared to MI group (Figure 3d). It was

clear that spermidine could inhibit oxidative stress and cardiac

inflammation and reduce myocardial apoptosis in post‐MI rats.
3.3 | Spermidine restored autophagic flux in Ang
II‐treated NRCs

Recent studies have proposed that spermidine can induce autophagy

in several cellular models (Yang et al., 2017; Zheng et al., 2018). Thus,

to determine whether stimulation with spermidine might promote

autophagic flux in Ang II‐treated NRCs, protein expression of the

autophagy‐associated molecules (LC3 II and p62) was evaluated after

spermidine administration. Levels of LC3 II and p62 were elevated in

Ang II‐treated NRCs and the accumulation of these proteins indicated
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that the autophagic flux might be interrupted. Addition of spermidine

to Ang II‐treated NRCs reduced the levels of LC3 II and p62, indicating

a restoration of autophagic flux (Figure 4a,b). To further confirm the

role of spermidine in the modulation of autophagic flux, CQ (an

autophagy inhibitor) was used to block autophagosome turnover. Both

Ang II + SPD + CQ group and Ang II + CQ group displayed a markedly

increased expression of LC3 II and p62, suggesting that CQ inhibited

autophagosome degradation, a process that spermidine failed to

modify (Figure 4c,d).
FIGURE 4 Spermidine (SPD) restored autophagic flux in Ang II‐treated
and 10‐, 100‐, and 1,000‐μM SPD. (b) Quantitative analysis of panel (a).
significantly different from control group, #P < .05, significantly different f
in different groups. (d) Quantification for panel (c). Data shown are indiv
different from control group, #P < .05, significantly different from Ang II
§P < .05, significantly different from Ang II + SPD + CQ group. (e) NRCs
GFP‐LC3 were exposed to different treatments for monitoring autophagi
mRFP‐GFP‐LC3 were shown. The nuclei stained with DAPI are blue; GFP
The autophagosomes/autolysosomes ratio was presented and quantitativ
*P < .05, significantly different from control group, #P < .05, significantly
II + SPD group
Also, the tandem fluorescence mRFP‐GFP‐LC3 analysis was

performed on NRCs to test the capacity of spermidine to enhance

autophagic flux. Ad‐LC3‐NRCs incubated with Ang II displayed an

accumulation of autophagosomes and a few autolysosomes, with a

markedly elevated autophagosome/autolysosome ratio, suggesting

that autophagosome clearance was inhibited and autophagic flux

was blocked. Treatment of these cells with spermidine led to large

amounts of autolysosomes and a few autophagosomes, with a

decreased level of autophagosomes/autolysosomes ratio, indicating
NRCs. (a) Expression of LC3 II and p62 in NRCs treated with Ang II
Data shown are individual values with means ± SD; n = 5. *P < .05,
rom Ang II group. (c) Representative western blots of LC3 II and p62
idual values with means ± SD. n = 5, *P < .05, significantly
group, &P < .05, significantly different from Ang II + SPD group,
transfected with adenovirus harbouring tandem fluorescent mRFP‐

c flux. Representative images of immunofluorescent NRCs expressing
dots were green; mRFP dots were red. Scale bar represents 5 μm. (f)
ely analysed. Data shown are individual values with means ± SD.
different from Ang II group, &P < .05, significantly different from Ang
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that spermidine increased autophagic flux and promoted degradation

of excessive autophagosomes. However, after co‐treatment with

CQ, the effect of spermidine on enhancing autophagic flux was

blocked, as reflected by the up‐regulation of autophagosomes/

autolysosomes ratio in the Ang II + SPD + CQ group compared with

that in the Ang II + SPD group (Figure 4e,f).
3.4 | Spermidine enhanced autophagic flux in post‐
MI rats

In a recent study, spermidine‐induced autophagic flux exerted

cardioprotective effects on aging‐ and hypertension‐related cardiac

dysfunction (Eisenberg et al., 2016). To test whether spermidine

enhances autophagic flux in post‐MI rats, the expression of LC3 II

and p62 was measured. LC3 II expression was up‐regulated, and p62

expression was decreased markedly in the MI + SPD group, compared

with that in the MI group, suggesting that spermidine potently
FIGURE 5 Spermidine (SPD) enhanced autophagic flux in post‐MI rats.
treatments. (b) Semi‐quantification for panel (a). Data shown are individua
sham group, #P < .05, significantly different from MI group, &P < .05, signifi
and p62 in post‐MI rats with different treatments. Scale bar represents 10
enhanced autophagic flux in post‐MI rats. After CQ treatment, the

expression of LC3 II and p62 was significantly increased, confirming

that autophagosome turnover was blocked by CQ treatment. There

were no significant differences of LC3 II and p62 expression between

MI + SPD + CQ group and MI + CQ group (Figure 5a,b). Consistent

with the western blot data, immunohistochemistry analysis also

showed that spermidine increased LC3 B expression and decreased

p62 expression in post‐MI rats (Figure 5c).
3.5 | Spermidine‐enhanced autophagic flux
decreased myocardial apoptosis in vitro and in vivo

In vitro TUNEL assays revealed that spermidine treatment could

significantly reduce the apoptosis of NRCs exposed to Ang II.

However, the anti‐apoptotic effect of spermidine was abolished by

the autophagy inhibitor CQ, suggesting that the enhancement of

autophagic flux is required for the anti‐apoptotic effect of spermidine
(a) Western blotting analysis of LC3 B and p62 in rats with different
l values with means ± SD; n = 5. *P < .05, significantly different from
cantly different from MI + SPD group. (c) Immunostaining of the LC3 II
0 μm
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(Figure 6a). Similarly, in vivo TUNEL analysis showed that apoptosis

increased in infarcted hearts, compared with those from sham group,

and spermidine supplementation reduced myocardial apoptosis, but

this effect could be blocked by CQ treatment (Figure 6b). Also, the
FIGURE 6 Spermidine (SPD) decreased myocardial apoptosis depend

quantification of TUNEL staining in NRCs with different treatments. Gree
nuclei which were stained with DAPI. Scale bar represents 50 μm. Data sho
different from control group, #P < .05, significantly different from Ang II g
Apoptotic cardiomyocytes were detected using TUNEL staining. Cardiomyo
total nuclei were stained blue with DAPI. The representative photos and qu
shown are individual values with means ± SD; n = 5. *P < .05, significantly
group, &P < .05, significantly different from MI + SPD group, §P < .05, signifi
blotting pictures and quantitative analysis of cleaved caspase‐3, Bcl‐2, and
individual values with means ± SD; n = 5. *P < .05, significantly different f
&P < .05, significantly different from Ang II + SPD group, §P < .05, significan
blotting pictures and quantitative analysis of cleaved caspase‐3, Bcl‐2, and
individual values with means ± SD; n = 5. *P < .05, significantly different fro
significantly different from MI + SPD group, §P < .05, significantly differen
anti‐apoptotic effects of spermidine were shown in the western blots,

as indicated by down‐regulation of cleaved caspase‐3 and up‐

regulation of the Bcl‐2/Bax ratio, but these effects were abolished

after treatment with CQ, in vitro and in vivo (Figure 6c,d).
ing on enhancing autophagic flux. (a) Representative images and

n dots were regarded as TUNEL‐positive cells. Blue dots were total
wn are individual values with means ± SD; n = 5. *P < .05, significantly
roup, &P < .05, significantly different from Ang II + SPD group. (b)
cytes with brown nuclei were interpreted as TUNEL‐positive cells, and
antitative analysis were presented. Scale bar represents 100 μm. Data
different from sham group, #P < .05, significantly different from MI
cantly different from MI + SPD + CQ group. (c) Representative western
Bax in Ang II‐treated NRCs with different treatments. Data shown are
rom control group, #P < .05, significantly different from Ang II group,
tly different from Ang II + SPD + CQ group. (d) Representative western
Bax in post‐MI rats with different treatments. Data shown are
m sham group, #P < .05, significantly different from MI group, &P < .05,
t from MI + SPD + CQ group
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3.6 | Spermidine‐enhanced autophagic flux
improved cardiac dysfunction and attenuated
myocardial injury

Previous studies have revealed that the longevity‐promoting and

neuroprotective effects of spermidine were abolished after knockout

of autophagy‐related genes (Eisenberg et al., 2009; Gupta et al.,

2013). Here, we have investigated whether spermidine exerted
FIGURE 7 Spermidine (SPD) attenuated cardiac dysfunction partially thro
trichrome staining in different groups. Myocardial fibrosis was stained blue
ratio is shown. Scale bar represents 2 mm. Data shown are individual valu
group, #P < .05, significantly different from MI group, &P < .05, significantl
and measurements from rats with different treatments. LVEF and LVFS w
means ± SD; n = 5. *P < .05, significantly different from sham group, #P <
different from MI + SPD group. (c) Representative photographs of whole he
shown. Data shown are individual values with means ± SD. n=5, *P < .05, s
from MI group. (d) Representative photomicrographs and quantitative ana
agglutinin (WGA). Scale bar represents 50 μm. Data shown are individual va
group, #P < .05 versus MI group, &P < .05 versus MI + SPD group
cardioprotective effects by enhancing autophagic flux. The Masson‐

trichrome staining showed that spermidine clearly reduced infarct size

induced by MI, but this effect was partly eliminated by CQ co‐

treatment (Figure 7a). M‐mode echocardiography revealed that LVFS

and LVEF values were improved by spermidine, but this effect was

partly blocked after CQ co‐treatment, suggesting the involvement of

autophagic flux in spermidine induced improvement of cardiac

function (Figure 7b). We also performed echocardiography to evaluate
ugh enhancing autophagic flux. (a) Representative images of Masson‐
representing myocardial infarct size. The infarct size/whole ventricle

es with means ± SD; n = 5. *P < .05, significantly different from sham
y different from MI + SPD group. (b) Representative echocardiograms
ere measured and calculated. Data shown are individual values with
.05, significantly different from versus MI group, &P < .05, significantly
arts from each group. Ratio of heart weight to body weight (mg·g−1) is
ignificantly different from sham group, #P < .05, significantly different
lysis of left ventricular tissue sections stained with wheat germ
lues with means ± SD; n = 5. *P < .05, significantly different fromsham
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the role of autophagic flux in spermidine‐improved cardiac hypertro-

phy and found that CQ could not markedly weaken spermidine‐

improved LVIDd and LVIDs (Figure S5). Moreover, HW/BW ratio

was decreased by spermidine supplementation and CQ also could

not significantly inhibit this effect (Figure 7c). Additionally, WGA stain-

ing showed that the surface area of cardiomyocytes was decreased by

spermidine treatment, but that this effect was partly abated by CQ co‐

treatment (Figure 7d). Next, the role of spermidine on myocardial cell

composition was investigated by transmission electron microscopy.

Abundant tight mitochondria, neatly arranged, and intact myofibrils
FIGURE 8 Spermidine (SPD) alleviated myocardial injury, partly by incre
cardiomyocyte mitochondria and myofibril in different groups. Mitochondr
500 nm. (b) Quantification of panel (a). Data shown are individual values w
#P < .05, significantly different from MI group, &P < .05, significantly differ
estimated with JC‐1 staining and captured by the microscope. Red fluores
fluorescence represented reduced mitochondrial membrane potential. Scal
individual values with means ± SD; n = 5. *P < .05, significantly different f
&P < .05, significantly different from Ang II + SPD group
could be seen in the cytoplasm of myocardial cells from the sham

group. In contrast, MI group had fewer mitochondria and more rup-

tured myofibrils, compared with those in the sham group. However,

MI‐induced reduction of mitochondrial and myofibrillar areas was

reversed by spermidine treatment, and this effect was partly blocked

by CQ co‐treatment (Figure 8a,b). Furthermore, in vitro JC‐1 staining

showed that spermidine reversed the mitochondrial membrane poten-

tial reduction induced by Ang II but that this effect was blunted by CQ,

indicating that spermidine prevented the decrease in mitochondrial

membrane potential, by enhancing autophagic flux (Figure 8c,d). These
asing autophagic flux. (a) Representative images, obtained by TEM, of
ia (Mi) and Myofibril (My) were marked in red. Scale bar represents
ith means ± SD. *P < .05, significantly different from sham group,
ent from MI + SPD group. (c) Mitochondrial membrane potential was
cence represented intact mitochondrial membrane potential. Green
e bar represents 50 μm. (d) Quantification of panel (c). Data shown are
rom control group, #P < .05, significantly different from Ang II group,
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data showed that spermidine attenuated MI‐related cardiac

dysfunction and myocardial injury at least partly through promotion

of autophagic flux.
3.7 | Spermidine promoted autophagic flux via the
AMPK/mTOR pathway in vitro and in vivo

Previous studies have shown that the AMPK/mTOR signalling

pathway plays a crucial role in the activation of autophagic flux

(L. Sun et al., 2015; Zhong et al., 2017). We therefore tested the

involvement of the AMPK/mTOR signalling pathway in autophagic

flux activation by spermidine. We used the AMPK‐specific inhibitor

Compound C to investigate whether AMPK/mTOR signalling was

essential for spermidine‐induced autophagic flux in our study.

Spermidine treatment significantly increased the phosphorylation

of AMPK (p‐AMPK) and reduced the phosphorylation of mTOR (p‐

mTOR) both in vitro and in vivo. After treatment with Compound

C, the levels of p‐AMPK and p‐mTOR were restored and the effect

of spermidine on modulating LC3 II and p62 was lost, both in vitro

and in vivo, demonstrating that the activation of autophagic flux

was abolished, following inhibition of AMPK by Compound C

(Figure 9a–d). Immunohistochemical staining for the AMPK/mTOR

signal showed similar results and together demonstrated that

spermidine enhanced autophagic flux through the AMPK/mTOR

signalling pathway (Figure 9e).
4 | DISCUSSION

This study suggested for the first time that spermidine exerts

cardioprotective effects against MI through enhancing autophagic

flux. Our study indicated that (a) spermidine ameliorates MI‐induced

myocardial injury and cardiac dysfunction; (b) spermidine exerts

cardioprotective effects at least partially depending on enhancing

autophagic flux following MI; and (c) spermidine promotes autophagic

flux through AMPK/mTOR signalling pathway after MI. The significant

findings in this study were illustrated in Figure 10.

A recent study has reported that spermidine intake correlates

inversely with the incidence and mortality of cardiovascular disease

in the Bruneck cohort (Eisenberg et al., 2016). In our study, we found

that spermidine alleviated myocardial injury and cardiac dysfunction

against MI in rats, which might provide evidence to explain why

spermidine can reduce the risk of cardiovascular diseases. However,

it is still controversial of the association between spermidine level

and development of cardiovascular disease. Sansbury et al. found that

polyamine metabolites including putrescine and SPD were increased

after transverse aortic constriction or MI surgery in mice and nega-

tively correlated with LVEF (Sansbury et al., 2014). In contrast, it

was proposed that spermidine content positively correlated with the

LVEF in patients with heart failure (Meana et al., 2016). This discrep-

ancy might be explained by different experimental subjects and condi-

tions. However, our study showed that exogenous spermidine

supplement could significantly improve LVEF and LVFS and limit
infarct size in post‐MI rats. Eisenberg et al. suggested that spermidine

supplementation improves cardiac function, reduces ventricular

hypertrophy, and delays the progression of heart failure in rats with

salt‐induced hypertension (Eisenberg et al., 2016). In agreement with

this study, we found that spermidine significantly improved cardiac

function and reversed cardiac hypertrophy in post‐MI rats. However,

whether spermidine attenuate myocardial hypertrophy and ventricular

remodelling depending on autophagic flux is not fully understood and

deserves in‐depth investigation.

Autophagy is a catabolic pathway participating in the breakdown

of long‐lived proteins and removing excess or dysfunctional

cytoplasmic components and organelles (Galluzzi, Pietrocola, Levine,

& Kroemer, 2014). Autophagic flux is a dynamic and multistep process

that involves the formation of autophagosomes, the fusion of

autophagosomes with lysosomes, and the degradation of the

autophagosomes. Our previous studies suggested that induction of

autophagy attenuates myocardial ischaemia and reperfusion injury

(Fu et al., 2018; Ling et al., 2016; Zhong et al., 2017). On the contrary,

some studies suggested that excessive autophagy can aggravate car-

diac ischaemia–reperfusion injury (Ma et al., 2012). Interestingly, it

has also been reported that up‐regulating autophagy at a moderate

level contributes to cell survival (Tannous et al., 2008), whereas exces-

sive activation of autophagy leads to cell death (Kroemer & Levine,

2008). Similarly, in our study, we found that spermidine reduces

apoptosis by enhancing autophagic flux in Ang II‐treated NRCs. How-

ever, after co‐treatment with CQ, spermidine induced an abundance

of autophagosomes and led to more apoptosis. These paradoxical

findings might be interpreted by the level of the autophagic flux.

Moderate increase of autophagy can enhance the autophagic flux, a

process that is required for maintaining cell survival. On the contrary,

excessive increase of autophagy blocks the autophagic flux and

leads to cell death. In this study, we speculated that a moderate

autophagosomes/autolysosomes ratio representing intact autopha-

gosome turnover contribute to cell survival and function. A high

autophagosomes/autolysosomes ratio could represent impaired

autophagosome clearance and might account for excessive apoptosis.

Based on our findings, we hypothesized that enhancing autophagic

flux instead of merely inducing autophagosome formation, is beneficial

for myocardial survival.

After MI, both oxidative stress and inflammatory responses have

been reported to cause myocardial injury (Nian, Lee, Khaper, & Liu,

2004; Hori & Nishida, 2009), and suppression of oxidative damage

and inflammation successfully attenuates cardiac dysfunction follow-

ing MI (Hu et al., 2018). In this study, we found that spermidine

significantly inhibited oxidative stress and reduced the levels of the

inflammatory cytokines following MI. Previous studies have shown

spermidine gain its antioxidative and anti‐inflammatory effects in

association with autophagy induction (LaRocca, Gioscia‐Ryan,

Hearon, & Seals, 2013; Madeo et al., 2018). In our study, the antioxi-

dative and anti‐inflammatory effects of spermidine might also be

related to autophagic flux. Furthermore, a previous study revealed

that spermidine increased production of NO results in vasodilation,

vascular regeneration, and prevention of cardiac remodelling (Knott



FIGURE 9 Spermidine (SPD) promoted autophagic flux via activation of the AMPK‐mTOR pathway in vitro and in vivo. (a) Representative
western blots of p‐AMPK, AMPK, p‐mTOR, mTOR, LC3 II, and p62 in each group in vitro. (b) The levels of p‐AMPK/AMPK, p‐mTOR/mTOR,
LC3 II/GAPDH, and p62/GAPDH were quantified. Data shown are individual values with means ± SD; n = 5. *P < .05, significantly different from
control group, #P < .05, significantly different from Ang II group, &P < .05, significantly different from Ang II + SPD group. (c) Western blotting
analysis of p‐AMPK, AMPK, p‐mTOR, mTOR, LC3 II, and p62 in different groups in vivo. (d) Semi‐quantification for panel (c). Data shown are
individual values with means ± SD; n = 5. *P < .05, significantly different from sham group, #P < .05, significantly different from MI group, &P < .05,
significantly different from MI + SPD group. (e) IHC staining for p‐AMPK and p‐mTOR. Scale bar represents 100 μm
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& Bossy‐Wetzel, 2010). Similarly, we found that spermidine supple-

mentation increased NO content in the cardiac tissues after MI (data

not shown). It seems plausible that the SPD‐induced NO was

associated with improvement of the cardiac dysfunction that occurred

in the post‐MI rats. It has been noted in preceding study that SPD‐
induced autophagy is capable of preventing muscle stem cell senes-

cence and improving muscle regeneration in aging mice (García‐Prat

et al., 2016); however, whether spermidine can induce putative car-

diac stem cell for cardiomyocytes regeneration after MI needs further

careful research.



FIGURE 10 Spermidine (SPD) stimulated
the AMPK/mTOR pathway in order to
enhance autophagic flux and thus alleviated
myocardial injury after MI. Additionally,
suppression of oxidative stress and
inflammatory responses by spermidine could
also contribute to the amelioration of MI‐
induced myocardial injury
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AMPK signalling plays a major role in various physiological and

pathological cellular events that occur in cardiovascular diseases

(Daskalopoulos, Dufeys, Beauloye, Bertrand, & Horman, 2016). AMPK

is one of the master checkpoints of cellular metabolism and promotes

autophagy by inhibiting mTOR (Ha & Kim, 2016). Our previous study

showed that AMPK/mTOR‐mediated autophagy exerts protective

effects against myocardial damage in diabetic rats (Zhang et al.,

2017). In our study, we found that spermidine enhanced autophagic

flux by stimulation of AMPK/mTOR signalling pathway in Ang II‐

treated NRCs and post‐MI rats. However, after co‐treatment with

Compound C, the effect of spermidine on autophagic flux was

abolished. It is possible that spermidine reduces myocardial injury

and dysfunction following MI at least partially by activation of

AMPK/mTOR signalling pathway. Some studies have shown that

AMPK stimulation is beneficial during cardiac hypertrophy

(Hernández, Barreto‐Torres, Kuznetsov, Khuchua, & Javadov, 2014),

ventricular remodelling (Noppe et al., 2014), and heart failure

(Beauloye, Bertrand, Horman, & Hue, 2011). Taken together, we

speculated that AMPK is a positive regulator in SPD‐induced cardio-

protective effect against MI and that AMPK‐mediated protective

effects occur at least partially through stimulation of autophagic flux.

Nevertheless, the precise mechanisms for SPD‐activated AMPK

signalling in post‐MI rats have not yet to be entirely investigated and

demands future exploration.

In conclusion, our study demonstrated that spermidine

attenuates myocardial injury and cardiac dysfunction following MI by

promoting autophagic flux via activation of AMPK/mTOR pathway.

Pharmacological or nutritional intervention with spermidine may

become a promising modality for the prevention or treatment of MI.
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